A majority of the γ-ray emission from star-forming galaxies is generated by the interaction of high-energy cosmic rays with the interstellar gas and radiation fields. Starforming galaxies are expected to contribute to both the extragalactic γ-ray background and the IceCube astrophysical neutrino flux. Using roughly 10 years of γ-ray data taken by the Fermi Large Area Telescope, in this study we constrain the γ-ray properties of star-forming galaxies. We report the detection of 11 bona-fide γ-ray emitting galaxies and 2 candidates. Moreover, we show that the cumulative γ-ray emission of belowthreshold galaxies is also significantly detected at ∼5 σ confidence. The γ-ray luminosity of resolved and unresolved galaxies is found to correlate with the total (8-1000 µm) infrared luminosity as previously determined. Above 1 GeV, the spectral energy distribution of resolved and unresolved galaxies is found to be compatible with a power law with a photon index of ≈ 2.2 − 2.3. Finally, we find that star-forming galaxies account for roughly 5 % and 3 % of the extragalactic γ-ray background and the IceCube neutrino flux, respectively.
INTRODUCTION
The origin of the extragalactic γ-ray background (EGB) has been debated since its discovery by the OSO-3 satellite (Kraushaar et al. 1973) . The EGB spectrum has been measured with good precision from 100 MeV to 820 GeV by the Large Area Telescope (LAT) on board of the Fermi Gamma-Ray Space Telescope ) and has been ascribed majello@g.clemson.edu mdimauro@slac.stanford.edu vaidehi.s.paliya@gmail.com to the emission of resolved and unresolved point sources like blazars, star-forming and radio galaxies . While the contribution of blazars to the EGB is reasonably well constrained and understood (see, e.g., Di Ajello et al. 2015; Ackermann et al. 2016; Di Mauro et al. 2018) , the contribution from star-forming and radio galaxies is not. Analyses that have estimated the contribution of star-forming and radio galaxies to the EGB were based on 7 and 12 detected sources, respectively (Ackermann et al. 2012a; Di Mauro et al. 2013 ), yielding considerable uncertainties.
Taking advantage of the increased sensitivity provided by ten year of LAT data, in this study we re-evaluate the γ-ray properties of star-forming galaxies (SFGs) whose γ-ray emission is partly of hadronic origin, being generated by cosmic-ray (CR) interactions with ambient gas and interstellar radiation fields. The detection of a flux of astrophysical neutrinos by IceCube (Aartsen et al. 2013; Aartsen et al. 2014; Aartsen et al. 2015) with TeV-PeV energies has renewed the interest in SFGs since the hadronic interactions that generate high-energy γ rays inevitably lead to the generation of highenergy neutrinos.
The lack of anisotropy in the IceCube signal and template analyses show that most ( 86 %) of the IceCube signal is likely of extragalactic origin (Aartsen et al. 2017a) . Moreover, the absence of neutrino point-like sources and the non-detection of muon neutrino multiplets at > 50 TeV imply that the population responsible for the majority of the IceCube neutrinos is produced by unresolved sources with a local density of ≥ 10 −8 Mpc −3 or ≥ 10 −6 Mpc −3 for evolving and non-evolving populations respectively (Ahlers & Halzen 2014; Murase & Waxman 2016; Peng & Wang 2017) . Such populations could be jetted active galactic nuclei (blazars and/or radio galaxies) and star-forming galaxies. However, it seems unlikely that either of them can account for the totality of the Ice-Cube neutrino flux. Indeed, while a neutrino event has been found in suggestive (≈3 σ) coincidence with a flaring blazar (IceCube Collaboration et al. 2018 ), cross-correlation studies of all the neutrino events and LAT blazars demonstrated that blazars can only produce a fraction 27 % of the neutrino intensity above 10 TeV (Aartsen et al. 2017b) . Similarly, the non-blazar fraction of the EGB at > 50 GeV ) limits the contribution of SFGs to the diffuse neutrino background to 30 % .
In this paper we use roughly 10 years of Fermi-LAT data to study the global properties of SFGs and constrain their contribution to the EGB and IceCube astrophysical signal. This paper is organized as follows: § 2 and § 3 present the properties of the sample and method used for the analysis. The results for the properties of SFGs are presented in § 4, § 5, and § 6, and their contribution to the EGB and IceCube neutrino flux is discussed in § 7. Finally, § 8 summarizes the results. Throughout this paper, a standard concordance cosmology was assumed (H 0 =71 km s −1 Mpc −1 , Ω M =1-Ω Λ =0.27).
SAMPLE OF GALAXIES
Massive star formation is fueled by dense molecular gas in the interstellar medium (ISM). In order to select a sample of galaxies with unambiguous ongoing star formation, we base our sample of galaxies on the following resources:
• The survey of HCN emission from 65 infrared (IR) galaxies published in Gao & Solomon (2004) . This includes nine ultraluminous infrared galaxies, 22 luminous infrared galaxies, and 34 normal spiral galaxies with low IR luminosity.
• The sample of 83 nearby starburst galaxies with UV-to-FIR data selected based on the availability of UV data from the International Ultraviolet (UV) Explorer (Wu et al. 2002) . This sample was also used in the previous Fermi-LAT analysis of SFGs (Ackermann et al. 2012a, hereafter ACK12) .
• The Infrared Astronomical Satellite (IRAS) Revised Bright Galaxy Sample (RBGS). This is a complete flux-limited survey of all extragalactic objects with total 60 micron flux density greater than 5.24 Jy. This sample covers the entire sky surveyed by IRAS at Galactic latitude |b| > 5 • . The RBGS includes 629 objects, with a median sample redshift of z =0.0082 and a maximum redshift of z =0.0876 (Sanders et al. 2003) .
The selection of the above catalogs results in a sample of 683 SFGs with known position, redshift, distance, and infrared luminosity (L IR ) in the wavelength range 8−1000 µm. L IR is derived by fitting a single temperature dust emissivity model to the flux reported in the 4 IRAS bands and should be accurate to ±5% for dust temperatures in the 25-65 K range (see Sanders & Mirabel 1996, for details) .
We then remove all blazars from our list based on positional coincidence with sources from the following two catalogs. First, we remove all sources that are positionally coincident with any of the associated point sources (other than associations with galaxies) from the preliminary Fermi -LAT 8-year point source list (FL8Y 1 ). Additionally, we remove all sources that are positionally coincident with sources from the 5th edition of Roma-BZCAT (Massaro et al. 2015) , which is one of the most up-to-date lists of blazars. These cuts reduce the number of SFGs in our sample to 588, which will be considered in the rest of our analysis.
In Figure 1 we show the distribution of the IR luminosity, L IR , for our full sample of SFGs and the subset of galaxies used in ACK12. The peak of the distribution is around Log(L IR (L )) = 10−11, but the full sample contains many more galaxies with L IR < 10 10 L compared to the ACK12 subset.
FERMI-LAT DATA ANALYSIS

Analysis of Individual Galaxies
We analyze the Fermi-LAT data for each source in our sample in order to determine 1 This worked started well before the LAT 8-year source catalog (4FGL The Fermi-LAT collaboration 2019) became available. For the FL8Y see: https: //fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y whether or not it is detected (with a T S 2 > 25). We analyze almost 10 years of Pass 8 data, from 2008 August 4 to 2018 March 4, selecting γray events in the energy range E = [0.1, 800] GeV, passing the standard data quality selection criteria 3 . We consider events belonging to the Pass 8 SOURCE event class, and use the corresponding instrument response functions (IRFs) P8R3 SOURCE V2, since we are interested in the detection and study of point sources.
We reduce the contamination from the lowenergy Earth limb emission by applying a zenith angle cut to the data. Following the FL8Y 4 analysis, we make a harder cut at low energies by selecting event types with the best point spread function (PSF) . For E = [0.1, 0.3] GeV, we select events belonging to the PSF2 and PSF3 classes with zenith angles <90 • . For E = [0.3, 1.0] GeV we select PSF1, PSF2 and PSF3 event types with zenith angles <100 • . And above 1 GeV we use all events (PSF0, PSF1, PSF2, PSF3) with zenith angles less than 105 • . This choice reduces the contribution of the Earth limb contamination to less than 10% of the total background.
We employ an analysis pipeline based on FermiPy, which is a Python package, based on the Fermi Science Tools, that automates analyses (Wood et al. 2017) 5 . FermiPy includes tools that perform fits of the model to the γ-ray data, detect new point sources, calculate the source spectral energy distribution (SED), and 2 The Test Statistic, T S, is defined as T S = 2(log L 1 − log L 0 ), where log L 1 and log L 0 are the log-likelihood values for the case of background plus source and only background respectively (Mattox et al. 1996) . 3 We apply the filter (DAT A QU AL > 0)&&(LAT CON F IG == 1) with the gtmktime tool of the Science Tools. See https://fermi.gsfc.nasa.gov/ssc/ data/analysis/scitools/binned likelihood tutorial.html for further details. test for the presence of source extension and variability.
For each galaxy in our sample we consider a region of interest (ROI) of 12 • × 12 • centered at the respective galaxy, and each ROI is analyzed separately.
In each ROI, we bin the data with a pixel size of 0.06 • and 8 energy bins per decade. We model the Galactic diffuse emission using the interstellar emission model (IEM) released with Pass 8 data (gll iem v06.fits, Acero et al. 2016 ). Correspondingly, we use the standard template for the isotropic emission (iso P8R2 SOURCE V6 v06.txt) 6 . Two objects, the Large and the Small Magellanic clouds (LMC and SMC), are modeled as spatially extended sources adopting the templates used in the FL8Y (see App. A). The point sources are modeled using the FL8Y catalog. Energy dispersion is applied to all sources in the 6 For descriptions of these templates, see http://fermi.gsfc.nasa.gov/ssc/data/access/lat/ BackgroundModels.html. model except the isotropic template 7 . This includes the Galactic diffuse templates. We used the implementation of the energy dispersion present in the Fermi tools 8 . Specifically we have fixed apply edisp=True and edisp bins= −1.
During the optimization of each ROI, we first relocalize the source of interest.
We then search for new point sources with T S > 25, which are inserted in the model. These sources are found generating a T S map where a test source is moved across the ROI. After this first step we test whether the emission of the SFG candidate is consistent with that of a point-like or spatially extended source. Out of the 588 galaxies searched in this way, 13 SFGs are de-7 The isotropic template, which has been derived from observed data, includes already the effect of energy dispersion and does not need to be corrected. For more information see https://fermi. gsfc.nasa.gov/ssc/data/analysis/documentation/ Pass8 edisp usage.html tected with significance 9 > 4.6 σ (T S >25). Another galaxy (UGC 11041) is also detected but we later show that its emission is likely due to a relativistic jet.
Properties of the detected galaxies, including the SEDs and lightcurves, are described in § 4.
Stacking Analysis of Unresolved Galaxies
Here we test whether the LAT detects the collective emission from galaxies too faint to be detected individually. We use the sample of 575 undetected objects from the previous section. A pre-analysis is performed similar to the analysis of detected objects (see Section 3.1) with a few key differences. First, we select photons of all PSF types (0,1,2, and 3) from 0.1 GeV to 800 GeV within 15 • of the galaxy of interest to properly model the background. Similarly to § 3.1, background sources include those in the FL8Y source list plus any new source detected here with a T S >25. These sources are found with an iterative procedure generating a T S map and looking for excesses above the T S >25 threshold. In order to retain sensitivity to a range of power-law spectral slopes, T S maps are generated for photon indices of 2.0, 2.5, and 3.0. Once all excesses above background have been inserted in the background model a final fit is performed to optimize all the free parameters (those of the diffuse templates and background sources) in the ROI.
In order to detect the collective emission of the undetected galaxies, we perform a stacking analysis where we sum the log-likelihood profiles generated for the spectral parameters of the SFGs under the assumption that the source population can be characterized by some average quantities (i.e., spectral index and flux), as described in the next section. In generating the log-likelihood profiles the parameters of the isotropic and Galactic diffuse templates are left free to vary, while all those of the background sources are kept fixed at their optimized values. Further details on the stacking are also reported in Paliya et al. (2019) .
DETECTION OF INDIVIDUAL AND
UNRESOLVED GALAXIES
Individual Galaxies
From our analysis we detect significant γray emission (T S > 25) at the positions of 13 SFGs, whose characteristics are reported in Table 1. Our sample of detected galaxies contains the seven already reported in ACK12 (LMC, SMC, M31, M82, NGC 253, NGC 4945 and NGC 1068) . In addition to those, NGC 2146 and Arp 220 (reported already by Tang et al. 2014; Peng et al. 2016) are also detected in this work. Gamma-ray emission from NGC 2403 and NGC 3424 has also been previously reported by Linden (2017) , who, however, flagged them as potential background fluctuations. Finally, our analysis reports the first detection of emission from M33 10 and Arp 299. Note that we also detect significant (T S = 44) γ-ray emission from UGC 11041, but due to its strong variability (see Table 2 and App. A.0.3), this emission is likely not associated to star-formation processes but to a jet. Therefore UGC 11041 is not part of our sample of detected galaxies.
M33, also known as the Triangulum galaxy, at a distance of 870 kpc, is the smallest spiral galaxy in the Local Group. Its star-formation rate (SFR) is in the range 0.26-0.70 M yr −1 (Gardan et al. 2007) .
Arp 299 at ∼ 48 MpC, is much more distant than M33 and it is an interacting system, at an early dynamical stage, composed of two individual galaxies. Powerful starburst regions with SFRs of about 100 M yr −1 have been identified there by Alonso-Herrero et al. (2000) . We consider all γ-ray sources except NGC 3424 and NGC 2403 as part of our bona-fide sample of galaxies. These two galaxies will be discussed in more detail in § 5.1.1.
We test whether the γ-ray spectra of the detected SFGs are described better by a power law (PL) or a log-parabola (LP). These SED shapes are defined as follows:
for the PL, where K is the normalization, E 0 is fixed to 1 GeV, and Γ is the spectral index;
for the LP, where β is the curvature index. In order to choose between the above models we compute the T S of curvature (T S curv ) defined as T S curv = −2(log L PL − log L LP ). Only two galaxies, the LMC and the SMC, have a significant (T S curv > 25, i.e. >5 σ) curvature. The SED parameters of all these detected galaxies are reported in Table 2 , while their SEDs are plotted in Figures 2 and 3.
Finally, we extract a light curve for each galaxy using the tools available in Fermipy. This is done by dividing the entire dataset into time intervals of one-month duration for the six brightest sources and 3 month duration for the rest. Having more bins increases the ability to detect variability for bright sources. On the other hand, for fainter sources one-month time bins are too narrow to allow detection of the source in most bins. For each time interval a fit of the model to the data is performed, from which we obtain the flux, SED, and detection T S. In the final step the T S for the variability (T S var , see Appendix A.0.3) is calculated following Nolan et al. (2012) . Since, different time bins are used for different sources, we report in Table 2 the values of the significance of variability σ var , computed considering that there are 119 time bins and 118 degrees of freedom for the first six bright galaxies and 39 time bins and 38 degrees of freedom for the rest.
As already mentioned, UGC 11041 is the only galaxy with a significant variability (5.7 σ var ). Moreover, this source underwent a strong flare between MJD 56600 and 56800, as can be observed from its lightcurve (see App. A). This flare, together with the spatial coincidence of the galaxy with a radio source in the NVSS catalog, suggests that the observed γ-ray emission is due to a relativistic jet, as opposed to starformation activity. This source is thus excluded from further analysis. The lightcurves of all the galaxies that we detected are shown in the Appendix § A.0.3.
Unresolved Galaxies
For each undetected galaxy, whose spectrum is modeled with a power law, we generate a bi-dimensional log-likelihood profile varying its photon index and photon flux (measured in the 100 MeV -800 GeV energy range). By subtracting the log-likelihood of the null hypothesis (log L null ), i.e., the likelihood of the data if the galaxy in question is not a gamma-ray emitter, we define the T S = 2(log L−log L null ). We sum the T S profiles of every galaxy to quantify the significance of their collective detection, assuming that the entire population can be characterized by an average photon index and an average flux. Figure 4 shows the results of this stacking analysis for the entire sample of undetected galaxies (574, left) and the sub-sample of undetected galaxies reported in Ackermann et al. (2012a) (56, right) . Figure 4 illustrates that the average emission from all unresolved galaxies is detected by the LAT with a T S=23 (corresponding to ∼4.4 σ).
The average γ-ray emission of the ACK12 subsample is detected with T S=30 (∼5.1σ). The signal is stronger for the ACK12 sub-sample compared to the entire sample (which is > 10 times larger in number) because the galaxies in ACK12 are distributed over a narrower range of bright IR luminosities and fluxes (see Figure 1 ). The average photon index for the two sets is Γ = 2.21±0.12 and Γ = 2.00±0.12, respectively. The average γ-ray spectrum of unresolved SFGs is thus as hard as the typical spectrum of starburst galaxies with L IR =10 11−12 L (see Table 2 and Ackermann et al. 2012a).
5. THE L γ -L IR CORRELATION 5.1. Individual Galaxies As already shown in Ackermann et al. (2012a) , for SFGs a correlation exists between the γ-ray luminosity and the total IR luminosity, since both quantities are related to star-formation activity. Figure 5 shows the relation between γray and IR luminosities for the objects detected in this work. NGC 2403 and NGC 3424 have an offset with respect to the general trend of all other SFGs: i.e., they are brighter in γ rays for a given IR luminosity. Therefore, we decide to select LMC, SMC, M82, NGC 253, NGC 4945, NGC 1068, M31, NGC 2146, M33, Arp 220, and Arp 299 as bona fide sources (i.e., galax- ies whose γ-ray emission can be confidently attributed to star formation activity). We fit a linear function (in log space) to the γray and IR luminosities, for this bona fide sample. This gives values of α = 1.27 ± 0.03 and β = 39.38 ± 0.03, where the function being fit is defined as:
However, the fit results in a poor reduced chisquare χ 2 /d.o.f = 175/11. This is likely due to uncertainties in the distance of these galaxies and scatter in their γ-ray and IR properties. Indeed, within 100 Mpc, the typical distance is uncertain by ∼10-20 % (Freedman et al. 2001 ). The total IR luminosity (L IR ) is also only accurate within 5 % (Sanders & Mirabel 1996) .
Finally, for dust-poor systems, L IR is not a reliable tracer of star formation (see e.g., Hayashida et al. 2013) . It is therefore not very surprising to find such scatter in the L γ − L IR relation.
Although quantifying these uncertainties is difficult, if we assume a systematic uncertainty of 40 % due to these effects, then the reduced χ 2 would be close to unity. We adopt this uncertainty for all further calculations.
In order to improve the fit quality, we incorporate the above effects as a source of systematic uncertainty in the γ-ray luminosity for each SFG in such a way that the reduced χ 2 (χ 2 /d.o.f.) is of the order unity. We repeat the fit including this systematic uncertainty and obtain best-fit values for α and β of: α = 1.27±0.06 and β = 39.47±0.08. In Figure 5 we show that the correlation derived here is similar to the one derived in Ackermann et al. (2012a) . Moreover, we also measure a dispersion of 0.30 for the residuals of L γ about the best fit, in agreement with Ackermann et al. (2012a) and Linden (2017) .
If we perform a fit to all the SFGs detected in our analysis, thus adding also the sources which have an offset with respect to the IR-γ-ray lu-10 1 10 0 10 1 10 2 10 3 minosity correlation, we find α = 1.23 ± 0.06 and β = 39.55 ± 0.07. This result is compatible with the one derived using the bona fide sample within uncertainties. We test the significance of the correlation by performing a modified Kendall τ rank correlation test (Akritas & Siebert 1996) . This is a survival analysis, which can be used for the analysis of partially censored data sets containing both detections and upper limits. The parameter τ of the Kendall test varies between [−1, +1] for negative and positive correlation. We apply this test to our set of bona fide SFGs finding a value of τ = 0.92.
When also including NGC 2403 and NGC 3423 the value becomes τ = 0.80. In order to convert this value into a significance we run Monte Carlo realizations of samples of 11 and 13 SFGs with no correlations. In particular we randomly draw γ-ray and IR luminosities in a range log 10 L γ ∈ [37, 42] and log 10 L IR [L ] ∈ [7.5, 12], respectively. For each realization we calculate the Kendall τ parameter. In Figure 6 we show the histogram of the τ values found for the 30 × 10 6 realizations considered. As expected this is peaked at τ ≈ 0 since the simulations are based on the absence of any correlation. We use this histogram to find the probability distribution function for the null hypothesis for the correlation and to find the pvalue and significance associated to the τ values reported above. The value of τ = 0.92 found for the bona fide sample is associated to a pvalue of 4.0 × 10 −7 and a significance of 4.9 σ. On the other hand, the value of τ = 0.80 found with all detected SFGs is associated to a p-value Figure 4 . Detection significance as a function of photon index and γ-ray flux for the full sample of 574 undetected galaxies (left) and for the 56 undetected galaxies (right) in ACK12 sub-sample. of 6.7 × 10 −5 and a significance of 3.8 σ. As a comparison Ackermann et al. (2012a) found a p-value of 0.001. Therefore, the significance of the correlation between γ-ray and IR luminosities has grown significantly.
Outliers
As reported above, NGC 2403 and NGC 3424 seem to be outliers in the L γ − L IR correlation. These objects (particularly NGC 3424) are also somewhat above the calorimetric limit 11 of Ackermann et al. (2012a) , suggesting caution in interpreting the observed signal as due entirely to star formation activity. Indeed, these could be background fluctuations, background objects, or sources whose γ-ray emission may be partially due to processes other than star formation. The lack of variability and of strong radio emission disfavors the hypothesis of a strong relativistic jet. Among the two systems, only NGC 3424 is known to host a radio-quiet active galactic nucleus (AGN, Gavazzi et al. 2011) ; however the γ-ray emission from radio-quiet AGN remains to be detected (Ackermann et al. 2012b ).
We also note that NGC 3424 and NGC 2403 were analyzed in Peng et al. (2019) and Xi et al. (2020) , where evidence of variability for both have been reported.
As discussed in the previous section, the correlation between IR and γ-ray luminosities is not modified significantly when these two objects are included in the analysis. Indeed, the values of α and β found in this case are compatible within 1 σ with those derived using the bona fide sources (see Table 3 ). Thus, while the origin of the γ-ray emission of these two objects may remain unclear, their inclusion in the analysis changes the results negligibly.
L IR -L γ Correlation with the Stacking Analysis
Here we test whether the γ-ray emission of unresolved galaxies is correlated with the IR emission in a way similar to what found in § 5.1 for the detected galaxies. In order to do this, for every unresolved galaxy in our sample we generate a three-dimensional log-likelihood profile as a function of the photon index (Γ) and the two parameters (α and β) of the L IR -L γ correlation. By subtracting the log-likelihoods of the null hypotheses (i.e., there is no source) we transform these into T S profiles. The results for the full sample of 574 galaxies and the ACK12 sub-sample are reported in Figure 7 . In both cases the T S has grown substantially with respect to the photon-index/flux stacking, indicating that the 3-parameter fitting is better than the 2-parameter fitting. For the full sample and the ACK12 sample the T S values are now 60 (7.2 σ) and 45 (6.12 σ), respectively. The best-fit parameters, α and β, are in very good agreement with those derived for detected galaxies (see Table 3 ). We thus conclude that the γ-ray luminosity of unresolved SFGs correlates with their IR luminosity.
Combined Constraints
The constraints on the α and β parameters of Eq. 3 from resolved and unresolved sources can be combined to obtain a correlation that describes both populations. This is done by transforming the χ 2 of the fit described in § 5.1 for resolved objects into a log-likelihood as 1 2 χ 2 = −logL. This can be summed with the loglikelihood profile derived for unresolved galaxies, yielding best-fit parameters of α = 1.15 +0.08 −0.03 and β =39.20 +0.06 −0.05 .
THE γ-RAY SPECTRAL ENERGY DISTRIBUTION OF GALAXIES
In this section we aim to understand whether SFGs have a common SED in the γ-ray band.
Combined SED of individually detected SFGs
One of the final goals of this work is to determine the contribution from SFGs to the EGB and to the astrophysical neutrino flux measured by IceCube. One key ingredient for this estimate is the SED of SFGs. Therefore, we consider the detected SFGs and perform a combined likelihood fit to their SEDs.
We consider a smoothly broken power-law (SBPL) model given by:
where E 0 is left as a free parameter. In this analysis, the normalization K is free to vary in the fitting for the galaxies SED, but all other parameters are common to all objects. The combined analysis is done by considering the SED results in the form of likelihood profiles as a function of dN/dE in each energy bin and combining them for all the sources of the bona fide sample except the SMC and the LMC. These two galaxies are removed from this analysis be-cause they have the lowest IR luminosity, but the highest T S and would drive the result of the likelihood analysis. In the fit we also include, to best characterize the high-energy SED of SFGs, the TeV data points of NGC 253 detected by H.E.S.S. (Aharonian et al. 2005 ) and M82 detected by VERITAS (VERITAS Collaboration et al. 2009 ).
The best-fit values for the SED parameters are: Γ 1 = 2.28 ± 0.07, Γ 2 = 1.60 ± 0.2, log 10 E 0 [GeV] = −0.50 ± 0.15 and β = 0.75 ± 0.20. The values of the SED parameters do not change significantly if we exclude M31 and M33. The left panel of figure 8 shows the composite SED model (with its uncertainty) together with the SEDs of all detected galaxies scaled to a common value at 1 GeV. We find that other SED shapes, like PL or LP, are disfavored over the SBPL at the 4.6 σ and 3.1 σ level, respectively.
Combined SED of Unresolved Galaxies
The results of § 4.2 show that above >100 MeV the spectrum of unresolved galaxies is hard, displaying a power-law index of Γ ≈ 2.1 − 2.3. However, the true SED of SFGs may be more complex than a single power law and a hard power-law index may artificially originate when fitting around the SED peak. Moreover, a hard γ-ray spectrum could have interesting implications for the EGB and the neutrino background.
In order to test the shape of the SED of unresolved galaxies, we repeat the stacking analysis in two separate energy ranges: 0.1-1.0 GeV and 1.0-800 GeV and display the results in Figure 9 . The lower energy range yields a T S≈0, which is translated into a 95 % confidence level upper limit (see Figure 9 ). The energy range above 1 GeV confirms the results shown in § 4.2. In particular, the best-fit photon index is 2.26 +0.28 −0.16 . The T S is larger because the less-intense background and smaller PSF at these energies contribute to increase the signal-to-noise ratio. The analysis presented in this section shows that the average SED of SFGs does not break above 1 GeV and remains compatible with a power law with Γ ≈ 2.3. This is compatible with the SED found in Sec. 6.1 for the detected galaxies.
The right panel of Figure 8 shows the SED of unresolved galaxies, derived from the stacking analysis, compared to that of NGC 253 and the composite SED model of § 6.1. Both models are good representations of the SED of unresolved SFGs and show that above 1 GeV the SED of galaxies (both resolved and unresolved) is compatible with a power law with a photon index Γ ∼ 2.3. However, Figure 8 shows that our fit provides a better representation for the SED of detected galaxies than the model of Abdalla et al. (2018) and as such is adopted here. In the next section we use the composite SED model of detected SFGs as the representative shape for the SED of all SFGs, in order to predict their contribution to the EGB and IceCube astrophysical neutrino flux (Aartsen et al. 2014).
IMPLICATIONS FOR THE EGB AND ICECUBE NEUTRINO BACKGROUND
The EGB certainly contains the emission of SFGs. In the previous sections, we have reported the detection of a 11 SFGs and the emission from unresolved galaxies. Here we calculate the contribution of this source population to the Fermi-LAT EGB and to the IceCube astrophysical neutrino flux (Aartsen et al. 2014) .
The diffuse γ-ray flux due to the whole population of SFGs can be evaluated as follows:
The minimum γ-ray luminosity value is set to 10 35 erg s −1 , the maximum is set to 10 45 erg s −1 and the maximum redshift is set to z max = 5. These limits are wide enough to 10 1 10 0 10 1 10 2 10 3 10 4 contain the emission of the entire galaxy pop-ulation. The quantity dF γ /d is the intrinsic photon flux at energy , for a source with a γ-ray luminosity L γ and redshift z, and ρ γ is the γ-ray luminosity function. High-energy γ rays ( > 20 GeV) propagating in the Universe can be absorbed in interaction with the extragalactic background light (EBL) photons (e.g., Gould & Schréder 1966; Stecker et al. 1992; Finke et al. 2010) , and τ γ,γ ( , z) is the optical depth for such process. In this study we adopt the attenuation model of Finke et al. (2010) , which was found to be in good agreement with recent measurements of the EBL optical depth (Fermi-LAT Collaboration et al. 2018) . The γray absorption creates electron-positron pairs, which can inverse-Compton scatter off the cosmic microwave background photons, yielding secondary cascade emission at lower γ-ray energies. The cascade flux is, however, negligible because the SED of SFGs at high energy has a photon index greater than 2; for this reason we decide to neglect this contribution. We also do not consider the internal (to the source) absorption caused by a galaxy's interstellar radiation fields because it is important only above 10 TeV (Inoue 2011) . The γ-ray luminosity function is related to the IR one using:
where k is assumed to be equal to 1 and the factor d log L IR d log Lγ is computed from the correlation between the γ-ray and IR luminosities reported in Sec. 5.2 for the combined analysis of detected and undetected sources in our sample. We consider the IR luminosity function provided by Spitzer observations of the VIMOS VLT Deep Survey and GOODS fields (Rodighiero et al. 2010) . We also use the total IR luminosity function derived from the observations of the Herschel GTO PACS Evolutionary Probe Survey, in combination with the HERschel Multi-tiered Extragalactic Survey (HerMES) data (Gruppioni et al. 2013 ). Gruppioni et al. (2013) provide the IR luminosity functions for normal spiral galaxies, starburst galaxies, and galaxies which contain an either obscured or low-luminosity AGN (SF-AGN). Finally they also report the IR luminosity function for galaxies containing a powerful starburst component, mainly responsible for their far-IR emission, and an AGN component that contributes significantly to the mid-IR (AGN1 and AGN2). In our calculation with the Gruppioni et al. (2013) IR luminosity function we include the spiral, starburst, and SF-AGN components.
Since γ rays and neutrinos are produced together in star-forming galaxies via the production and decay of energetic pions from hadronic CR interactions, the flux of γ rays and ν (per flavor) are related as:
where K π is the relative charged-to-neutral pion rate. We assume for proton-gas (pp) collisions K π = 2 which corresponds to an equal contribution of π 0 and π ± . The average energies of γ rays and neutrinos are related as E γ ≈ 2E ν . In Figure 10 we show the resulting prediction for the contribution of SFGs to the EGB and astrophysical ν flux. SFGs on average contribute to the Fermi-LAT EGB at the level of 5% and to the IceCube ν flux at the level of 3% (see also Sudoh et al. 2018) . Our results for both the IR luminosity functions are compatible with the 1σ upper limits for a nonblazar contribution to the EGB above 50 GeV derived in Ackermann et al. (2016) . Finally, we note that the derived luminosity function underpredicts the current number of detected galaxies at γ-ray energies. This is due to the local overdensity, as most of our galaxies are detected within 50 Mpc. However, this does not affect our results, since the dominant contribution to the background flux comes from more distant galaxies.
CONCLUSIONS
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Fermi-LAT EGB IceCube Aartsen+2015 Figure 10 . Gamma-ray intensity (blue solid line and cyan 1 σ band) and ν (black solid line and gray 1 σ band) intensity from SFGs compared to the Fermi-LAT EGB ) and astrophysical neutrino flux measured by IceCube (Aartsen et al. 2014) . We also show the estimate for the SFG contribution to the EGB as derived in Ackermann et al. (2012a) (dashed red line). The dashed green line is the 1 σ upper limit for the non-blazar contribution to the EGB above 50 GeV .
We have used almost 10 years of Fermi-LAT data to characterize the γ-ray emission of SFGs and calculate their contribution to the Fermi-LAT EGB and IceCube ν flux. Our findings are summarized as follows:
• We have reported the detection of 11 bona fide γ-ray emitting galaxies and 2 galaxy candidates, a sizable improvement over the 7 systems (not counting the Milky Way) reported in Ackermann et al. (2012a) .
• Similarly to Linden (2017) , we have shown that the emission of unresolved galaxies is detected by Fermi-LAT with a significance in the 4.4 − 5.1 σ range (assuming these objects can be characterized by an average flux and spectral index). This significance increases to 7.2 σ when unresolved galaxies are allowed to follow the L γ − L IR correlation (see next bullet point).
• The γ-ray luminosity of both detected and unresolved galaxies has been found to correlate with the total IR luminosity, as in previous works (Ackermann et al. 2012a; Linden 2017) . The significance of this correlation (using only the bona fide galaxies) is now near 5 σ.
• Using both detected and unresolved objects, we have constrained the average SED of γ-ray emitting galaxies, which was found (above 1 GeV) to be compatible with a power law with a photon index of ≈ 2.2 − 2.3.
• Finally, we estimated that the contribution of star-forming galaxies to Fermi-LAT EGB and IceCube ν flux is 5% and 3%, respectively. This scenario is compatible with the current estimate for blazar and radio galaxy contributions to the EGB (see e.g. Di Ajello et al. 2015; Ackermann et al. 2016; Di Mauro et al. 2018) .
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Other bright SFGs detected in γ rays include M82 and NGC 253 (which are both at distance of 3.2 Mpc), NGC 4945 (at a distance of 4.0 Mpc), and NGC 1068 (at a distance of 10.6 Mpc). M82 is the largest galaxy of the M81 group in the Ursa Major constellation and it is the closest galaxy that hosts a starburst nucleus. Its star formation rate is about 10 M yr −1 and it has been detected at TeV energies by VERITAS (VERITAS Collaboration et al. 2009 ). NGC 253 is a giant barred spiral galaxy with a central starburst region. NuSTAR and Chandra observations pointed out the presence of X-ray sources but there is no clear evidence indicating that these sources are associated with a a low-luminosity AGN (Lehmer et al. 2013) . The star formation rate of NGC 253 has been estimated to be about 5M yr −1 (Melo et al. 2002) . NGC 253 has also been detected by H.E.S.S. at TeV energies with an SED given by a power law with index of 2.14 (Abramowski et al. 2012) . NGC 4945 is a circumnuclear starburst galaxy that hosts an obscured Compton-thick Seyfert 2 nucleus that is among the brightest in the hard X-ray range (Yaqoob 2012) . In Wojaczynski & Niedzwiecki (2017) the hint of a correlation between the γ-ray and X-ray emission has been reported, suggesting that the γ-ray emission may be associated with the Seyfert component. The lightcurve of this source (see § A.0.3 and Fig. 11 ) is particularly stable with no indications of variability. The apparent lack of γ-ray variability favors the interpretation of emission dominated by starburst processes. NGC 1068 is a source that exhibits both starburst and AGN activity, whose Seyfert 1 nucleus has been discovered in polarized light (Antonucci & Miller 1985) . Models that explain the γ-ray emission from this source also take into account the emission from the active nucleus (see, e.g., Lenain et al. 2010; Yoast-Hull et al. 2014; Eichmann & Becker Tjus 2016) .
Among the faintest SFGs are M31, NGC 2146, and Arp 220 located at around 0.8 Mpc, 19.6 Mpc and 79.9 Mpc, respectively. M31 is the nearest massive spiral galaxy and it has a star formation rate of 0.35-1.0 M yr −1 (Yin et al. 2009 ). This source is found to be extended in our γ-ray analysis with a T S of extension of 21 and an angular size of 0.45 ± 0.10 deg. The extension is modeled using a disk and yields a consistent morphology to what found in Ackermann et al. (2017) . NGC 2146 is a starburst galaxy located at about 19.6 Mpc from Earth, whose starbursting episode is believed to have been started approximately 800 Myr ago when two galaxies collided (see Greve et al. (2006) and references therein). NGC 2146 shows no evidence of AGN activity in optical (Ho et al. 1997) or in mid-IR spectra (Bernard-Salas et al. 2009 ). This source exhibits a relatively high SFR of 7.9 M yr −1 (Kennicutt et al. 2011) . Arp 220 is the farthest SFG detected by the LAT and it is a merger of two galaxies containing two dense nuclei separated by ∼350 pc (see, e.g., Scoville et al. (1998) ). Both nuclei have high SFRs and dense molecular gas. This system has a total SFR of 240± 3.0 M yr −1 , calculated from the far-IR luminosity (Farrah et al. 2003) .
A.0.2. Newly detected SFGs
The newly detected SFGs are: M33 (see also Karwin et al. 2019; Di Mauro et al. 2019) , NGC 2403, UGC 11041, NGC 3424, and Arp 299. M33 is located roughly 870 kpc from Earth. It is a satellite galaxy of M31 and is the first extragalactic satellite to be detected in γ rays. M33 has a SFR in the range 0.26-0.70 M yr −1 (Gardan et al. 2007 ).
NGC 2403 is located at about 3.4 Mpc from Earth. It is an H i-dominated, low-mass spiral galaxy, and its HI gas disc extends beyond its optical disc (Kang et al. 2017 ). The total SFR has been measured to be about 1.3 M yr −1 (Kennicutt et al. 2003) . Our analysis shows that the γ-ray peak is 0.048 • away from the nominal center of the galaxy, with the 68% positional error of the source being 0.036 • . NGC 3424 is located at about 29 Mpc from Earth. It is considered to be a SFG (Martínez-Galarza et al. 2016) with a SFR of about 4.5 M yr −1 . In Gavazzi et al. (2011) the optical spectrum shows the presence of an AGN in the center of the Galaxy.
Arp 299 is located at a distance of 47.7 Mpc from Earth and it is an interacting system composed of two individual galaxies (IC 694 and NGC 36907) in an early dynamical stage. Powerful starburst regions with SFRs of about 100 M yr −1 have been identified in the system (Alonso-Herrero et al. 2000) . Optical spectroscopic studies have classified IC 694 as starburst galaxy and NGC 3690 as starburst/LINER galaxy (Coziol et al. 1998) , and mid-IR observations classified the system as starburst (Laurent et al. 2000) . However, there are hints for the presence of AGN activity (Della Ceca et al. 2002; Ballo et al. 2004; Gallais et al. 2004) .
A.0.3. Lightcurves of detected sources
In this section we report the details of the light curve analysis performed on the sample of SFGs. We use the function gta.lightcurve implemented in Fermipy. This function performs a fit to the ROI independently in each time bin. For each source Fermipy calculates the T S var , which follows the definition provided in Nolan et al. (2012) as:
where log L i (F i ) is the log-likelihood of the fit with the SED parameters of the source of interest free to vary in each i-th time bin, and log L i (F const ) is the log-likelihood for the fit at the same time bin with the SED parameters fixed to provide the flux found in the entire time range. We add, as done in Fermi-LAT catalogs, a 2% systematic uncertainty to account for systematic errors in the calculation of the source exposure, resulting from small inaccuracies in the dependence of the IRFs on the source viewing angle, coupled with changes in the observing profile as the orbit of the spacecraft precesses.
The results for the variability are reported in Table 2 as significance for the variability σ var , calculated by converting T S var to a significance by adopting the χ 2 distribution with 118 degrees of freedom for the six brightest sources and 38 degrees of freedom for the others. The lightcurves of all sources are shown in Figs. 11, 12 , and 13. The only significantly variable object is UGC 11041 with σ var = 5.7. This source had a bright flare during the period 56500-56800 MJD. In this time range the source is detected with a T S = 76 and has a best-fit position of RA(J2000) = 268.72 • ± 0.07 • and DEC(J2000) = 34.76 • ± 0.07 • , which is fully compatible with the galaxy's known position. We also run the light-curve analysis for this source with a finer time bin of one month. This is shown in the right-hand panel of Figure 13 which demonstrates that the time scale for the flare is of about two months. The position of this source is coincident with the radio source NVSS J175451+344633. This indicates that the observed γ-ray emission is not due to star-formation activity, but rather points to the emission of a relativistic jet.
We test the accuracy of our lightcurve extraction method by analyzing pulsars, which are the least variable γ-ray sources on long timescales. We select pulsars from the 3FGL (Acero et al. 2015) with variability indices smaller than 55, detected at |b| > 4 • , at least 20 • away from the Galactic center, and with a statistical significance greater than 8 σ. This leaves us with 50 pulsars on which we run our variability analysis using one time interval per month. We find that these pulsars have an average T S var of 110, which implies ∼ 0.40 σ significance for the variability. The mean and standard deviation for the T S var distribution are 110 and 45, respectively. Therefore, all the results for our SFGs, except for UGC 11041, are consistent with the results found for our sample of pulsars. The most-variable pulsars in our sample are the following: PSR J1836+5925 (σ var = 6.2σ), PSR J1231−1411 (σ var = 5.6σ), PSR J1057−5226 (σ var = 4.8σ), PSR J0218+4232(σ var = 4.7σ), PSR J1311−3430 (σ var = 4.2σ) and PSR J0357+3205 (σ var = 4.0σ).
Finally, we produce lightcurves for the brightest SFGs using the adaptive binning method of Lott et al. (2012) . In this method, the time bins have been optimized to have a fractional uncertainty of 15 % for all sources except NGC 1068 and M31, for which a fractional uncertainty of 20 % was used. The lightcurves, reported in Figures 15 and 16 , confirm the overall result of the lack of variability for our sample of galaxies.
B. VALIDATION OF THE STACKING TECHNIQUE
In order to be able to interpret correctly the results of the stacking analysis we performed a test where we simulated 10 years of Pass 8 data for 20 sources at |b| > 10 • , whose spectra are modeled using a power law. The power-law indices are extracted from a Gaussian distribution with a mean of 2.2 and a dispersion of 0.2, while the fluxes are extracted from a power-law distribution with index −2.5 having an average of 6.41×10 −10 ph cm −2 s −1 . The simulations include the diffuse (Galactic and isotropic) emission as well as all the point sources from the FL8Y. A stacking analysis was performed for the simulated dataset as described in § 3.2, and the results are presented in Figure 17 . The average emission of these simulated sources is detected with a T S≈32. The best-fit photon index and flux are 2.12±0.12 and 5.0±2.0 × 10 −10 ph cm −2 s −1 , respectively, which is in agreement with the average values of the simulated sources. From this analysis we conclude that the stacking analysis provides a measurement of the average properties (in this case photon index and flux) of the unresolved population. 
